Adaptive spatial multiplexing (SM) Multiple Input Multiple Output (MIMO) techniques enhance the spectral efficiency of wideband wireless communications in favorable radio channel conditions. In this study, we show the benefits of combining a traditional fixed-beam scheme and multiuser opportunistic radio resource allocation in space-time-frequency domains. This combining is feasible in wideband Orthogonal Frequency Domain Multiple Access (OFDMA) systems such as the Universal Mobile Telecommunications System (UMTS) Long Term Evolution (LTE). This study brings novel knowledge which indicates that an orthogonal fixed beam approach benefits from opportunistic radio resource allocation clearly more than a conventional antenna domain approach in frequency-selective radio channels. It was found out that the fixed beam radio link performance is enhanced in wideband adaptive radio links due to the fact that orthogonal beams reduce correlation between the MIMO channels in the allocated sub-bands. Moreover, beamforming gains bring higher Eigenvalues of the MIMO channel matrix in the opportunistically selected sub-bands. It is shown that the fixed beam deployment changes the distribution of the MIMO channel correlation values and Eigenvalues in a manner which enhances opportunistic multiuser gains in wideband time-frequency-selective MIMO radio channels. Simulation results with 2 × 2 spatial multiplexing in an OFDMA uplink indicate that the proposed beam domain scheme gives up to 80% data throughput gain over the corresponding antenna domain scheme in a pedestrian microcell environment.
Introduction
The Multiple Input Multiple Output (MIMO) techniques offer either a high degree of diversity to combat path loss and fading or a high multiplexing gain for enhanced peak data rates and improved spectral efficiency [1] [2] [3] [4] [5] [6] [7] . With N transmitter (TX) and M receiver (RX) antennas, the maximum diversity gain is N × M, and the maximum spatial multiplexing gain is min {N, M}. The two basic MIMO approaches include space-time coding for maximizing the transmit diversity gain and parallel transmission of independent data streams for maximizing the multiplexing gain (spatial multiplexing). Switching between spatial multiplexing and transmit diversity can be deployed in a simple manner [6] . Obtaining both gains simultaneously requires that each of the parallel data streams in MIMO transmission is coded over all the TX antennas. A general approach is to apply linear dispersion coding [5, 8] . One obvious way to code the parallel data streams over multiple antennas is beamforming, for example the fixed beam technique.
Traditional transmit beamforming is a robust technique which spatially focuses power towards the targeted user and reduces interference to other directions. It requires TX antenna separation of one half of carrier wavelength, approximately, and works best in spatially correlated radio channels [9] . This is interesting also from a viewpoint of wideband Orthogonal Frequency Domain Multiple Access (OFDMA) radios since the user-specific radio channel coefficients seen by the base stations are spatially correlated in the allocated sub-bands of an individual mobile user. Thus frequency selectivity of the radio channel can be deployed for allocating each user the best sub-bands. These sub-bands have relatively small angle spread of propagation paths which leads to high spatial correlation even in microcells, in which the root mean square (RMS) angle spread per propagation path (sub-band) is typically in the range of 5° [10] . Therefore, a wideband OFDMA base station is capable of utilizing the high correlation of individual user specific propagation paths and applying beamforming for the selected sub-bands.
Beamforming combined with spatial multiplexing offers one approach to realize full diversity full rate data transmission [11] . As a practical example, the dual-stream closed loop transmit diversity of the 3GPP Universal Mobile Telecommunications System (UMTS) [12] represents an approach, in which each of the two data streams is transmitted in a digital precoding (beamforming) mode from both of the TX antennas. Feedback information from the user terminal are used to select predetermined precoding antenna weight vectors. The benefits of combining the fixed beam technique with multiuser spatial multiplexing have been studied from an information theoretic viewpoint in [13] . A corresponding system simulation study shows that the fixed beam approach is promising especially for outdoor and wide area network deployment [14] . These reports focus on spatial separation of users and do not take into account the impact of opportunistic radio resource allocation in the frequency domain.
As discussed, e.g., in [9] , the benefits of spatial multiplexing MIMO are subject to many assumptions. A crucial assumption is that parallel MIMO channels have adequately low cross-correlation and high enough signal to noise ratio (SNR) levels, i.e., high Eigenvalues. This indicates that spatial multiplexing has to be employed adaptively during the time periods when the MIMO radio channel is in a favorable state. In a multiuser scenario, this leads inherently to the approach of opportunistic beamforming [15] in which all the TX resources are given in a time-multiplexed manner to those users which possess a good radio channel state. Significant multiuser diversity gain is achieved in fading channels. This gain is further pronounced in wideband systems which enable radio resource allocation also in the frequency domain.
As an example of a state-of-the-art technology, the UMTS Long Term Evolution (LTE) adapts the transmission MIMO mode to the prevailing radio channel conditions based on the feedback information from the mobile terminal [16] . Based on the feedback from multiple users, the base station attempts to allocate the scheduled users those sub-bands which enable spatial multiplexing and which maximize total system throughput. The reporting interval is 1 ms at shortest which enables accurate adaptation to the fading radio channel especially in microcells with slow user terminal velocities (0 to 15 km/h) [17] .
The target of this study is to evaluate the performance of opportunistic sub-band-based OFDMA data communication in a fixed beam domain compared to that of in the traditional antenna domain. The opportunism is achieved via adaptive data packet allocation techniques in space (beam), time, and frequency domains. The main contribution of this paper is to show that an orthogonal fixed beam approach benefits from opportunistic radio resource allocation clearly more than a conventional antenna domain approach in frequency-selective radio channels. The radio link performance of a fixed beam base station is studied using as realistic simulation parameters as possible including a well-defined microcell radio channel environment and practical base station antenna/beam patterns. To the best of author's knowledge, there is a lack of reports studying in detail the benefits of combining a traditional fixed-beam scheme and opportunistic wideband radio resource allocation in space-timefrequency domains.
The paper is organized as follows. In the 'System model' section, the system model is presented. The 'Spatial correlation of MIMO channels' section studies the correlation of the antenna and beam domain signals. The adaptive algorithm is reviewed in the 'OFDMA simulation model' section, and the 'Simulation results' section presents the simulation results.
System model
The concept under the current study assumes the baseline LTE 2 × 2 spatial multiplexing (SM) technique with the linear minimum mean square error (MMSE) receiver [16] . The MMSE receiver is based on optimum combining of antenna signals in the presence of interference. It is often referred as a Wiener solution and its antenna weight vector w has a form [18] 
in which v is the array response vector of the desired signal, R xx is the covariance matrix of the received signal (includes contributions from the desired signal, interference, and additive Gaussian noise), and * denotes conjugate transpose. A basic 2 × 2 MIMO receiver applies interference suppression in a way that first the stronger data layer is detected using the MMSE and thereafter the detected data layer is canceled from the received data before detecting the second layer by ordinary maximal ratio combining [1] .
The concept assumes small-size beamforming Uniform Linear Array (ULA) antennas, which are separated by one half of the carrier wavelength. Since the proposed beam domain MIMO operates as such in a baseline 2 × 2 OFDMA system such as the LTE system, there is no need for modifying the existing specifications. Therefore, the performance comparison with the corresponding antenna domain scheme is straightforward. The only difference between the two schemes can be modeled simply by deploying different beam and antenna patterns at the base station receiver model. Figure 1 shows the principle of the proposed 2 × 2 MIMO scheme with fixed narrow beams at the base station (BS; on the right) compared to a traditional MIMO approach with omnidirectional BS antenna patterns on the left. In both cases, the mobile terminals (MT) apply omnidirectional antenna patterns. In the antenna domain, every propagation path has ideally the same complex antenna gain regardless of the path azimuth direction. In the beam domain, every path has a different complex gain depending on its direction. The antenna domain MIMO scheme relies on spatial diversity created by the MT and BS antenna positions and the geometric distribution of the scatters while the fixed beam scheme employs beamforming gain and angular diversity of the propagation paths. The fixed beams of the proposed scheme can be created by an analog beamformer, e.g., the Butler matrix (BM), which transforms the antenna domain signals into an orthogonal beam domain ( Figure 2 ).
Approach
In practice, the beam patterns are not ideal due to, e.g., mutual coupling between antennas. These effects are illustrated in Figure 3 which shows realistically simulated beam patterns that are applied in the performance evaluation of this study. The patterns were obtained using a commercial radio frequency (RF) simulation tool [19] with the assumption that monopole antennas are located at a spatial separation of 0.5 wavelength of the carrier frequency. The coupling effects cause antenna gain fluctuation of almost 5 dB in antenna domain (plots on top) while the ratio of the maximum beam gain to the beam pattern null is more than 12 dB in the beam domain (plots at the bottom).
The generic narrowband MIMO signal model can be represented as a complex baseband vector notation:
in which y is the received N × 1 signal vector, x the transmitted M × 1 signal vector, n denotes the N × 1 white Gaussian noise vector, and H the N × M radio channel matrix. In this study, we consider a wideband MIMO model which takes into account the time-variant directional multi-path radio channel. Assuming multiantenna arrays with omnidirectional antenna patterns at both the BS and the MT, the signal transmitted by TX antenna m and received by the RX antenna n can be written as a sum of individual propagation path contributions [20] :
where x m (t) is the transmitted signal from antenna m, y n, m (t) is the corresponding received signal at antenna n, β k and τ k are the magnitude and the delay of propagation path k, θ k and ϕ k are the directions of the path k at RX and TX antenna arrays with respect to the antenna array normal, λ denotes the wavelength of the carrier frequency, α k is the initial phase angle of path k, f d denotes the Doppler shift corresponding to maximum MT velocity, γ k is the angle of the scatter at kth propagation path with respect to the MT velocity vector, and δ is the Dirac delta function. The antenna spacing d and the actual TX and RX antenna patterns (directional gains G RX;n;θ k ; G TX;m;φ k ) play a significant role in the spatial correlation properties of the MIMO scheme. The directional gains may contain individual antenna patterns (in antenna domain) or, e.g., the Butler beam patterns in beam domain. In the following, we assume that the Butler Matrix is applied at the BS only so that for each RX branch n the corresponding gain pattern follows the corresponding Butler beam pattern of Figure 3 . Using matrix notation, the received orthogonal beam domain signal vector y b (t) is obtained from the RX antenna domain signal vector y a (t) by a matrix multiplication:
in which B denotes the BM. In case of 2 × 2 MIMO, the normalized BM has the form:
Thus the two antenna domain signals can be transformed into the beam domain by multiplying them by the two row vectors of (5). This is achieved in the above mentioned RF simulation tool by ±90°phase shifts to provide the beam patterns of Figure 3 .
Radio channel model
The 3GPP spatial channel model (SCM) [10] was adopted in this study using its MATLAB™ implementation from the WINNER project [21] . The urban microcell environmental model was applied since it is most feasible for high data rate MIMO applications due to its wide angular spread (AS) of propagation paths and relatively short distances between users and the base station. This guarantees a low degree of spatial correlation and a strong signal level at a receiver. The microcell model ('Pedestrian B' in [10] ) is designed for a 5 MHz bandwidth and it consists of six delay taps within a delay range of 3.7 μs which brings a good degree of frequency selectivity. Each delay tap consists of 20 sub-paths with fixed angular directions in order to create the desired Laplace distributed power azimuth spectrum. In the Pedestrian B model, the total RMS angular spread at BS is 19°whereas the per-path AS is 5°. As said, frequency selectivity enables opportunistic use of those frequency sub-bands which are most feasible to spatial multiplexing MIMO.
The MIMO radio channel characteristics are determined by the scatter positions and properties as well as the TX and RX antenna constellations and orientations. If we consider an OFDMA user assignment into a sub-band, we can assume that the allocated band represents a narrowband 2 × 2 MIMO system with flat fading. The corresponding radio channel matrix H(t,τ) is composed of four complex elements each of which defines the channel impulse response between different TX and RX antenna pairs. It can be represented as
in which the first and second rows represent the channel impulse responses from TX antenna 1 and from TX antenna 2 to RX antennas, respectively. The narrowband model can be applied here due to the fact that the bandwidth of a single resource block (RB) allocation can be relatively small (in LTE, a single RB takes 180 kHz). For the best MIMO performance, the channel matrix H(t,τ) should show large Eigenvalues and low correlation between the MIMO channels.
Spatial correlation of MIMO channels
Spatial correlation between different antenna signals plays a significant role in MIMO performance. The degree of correlation is determined by the radio channel characteristics, the antenna constellation and orientation, as well as the antenna beam patterns. It has been shown by experiments that a simple stochastic MIMO model based on the Kronecker product of the spatial correlation matrices of TX and the RX antennas, respectively, models well the actual propagation environments [22] :
in which R BS and R MT are the spatial correlation matrices at the base station and the mobile terminal and ⊗ denotes the Kronecker product. As (7) . The patterns were generated assuming two monopole antennas with the antenna spacing of 0.5 carrier wavelengths and a ground plane dimension of 2.5 wavelengths. An effect of mutual coupling between antennas is evident in both the reference antenna patterns and the fixed beam patterns.
MIMO correlation matrix can be composed of independent BS and MT spatial correlation matrices. At both ends, the spatial correlation is determined by the power azimuth spread of the propagation paths impinging at the antenna array. The spatial correlation can be expressed also as channel covariance C, which can be given as an analytical form [23] :
in which indexes k,m and l,n denote an RX and TX antenna pair in a 2 × 2 MIMO system, α p is the gain of propagation path p with angle of departure Ω t,p and angle of arrival Ω r,p , and * refers to complex conjugation. The radiation patterns of the two RX and TX antennas are given by e r,k , e r,m, e t,l , and e t,n , respectively. It is assumed that each propagation path is modeled as a plane wave. As (8) shows the spatial correlation can be evaluated analytically for different angular distributions of the power azimuth spread (PAS) of propagation paths as long as the antenna radiation patterns are known. It is noted that (8) takes only the powers of the propagation paths into account which means that all the possible phase shifts of the propagation paths are averaged out. Thus it gives the expected difference of spatial correlation between the antenna and beam domain approaches. It does not reveal though the instantaneous characteristics in radio channel states which can be deployed in the opportunistic data transmission scheme. What comes to PAS, radio channel measurements have indicated that the impinging signal path directions follow Gaussian distribution in azimuth while the PAS is Laplace distributed [24, 25] . In the following, we take the approach of the 3GPP SCM channel model [10] implementation in which the PAS of propagation paths is modeled as Laplace distributed [21, 26] . More specifically, the desired PAS is obtained by 20 equal power propagation paths whose directions are adjusted in a way that the Laplace angular spread properties are obtained. This approach allows a straightforward numerical solution to (8) and, therefore, can be applied both in semianalytical evaluation and in simulations. It is noted that we are interested in the spatial correlation at the BS which employs the fixed beam approach. Since the spatial correlation at BS is defined by the angular spread of signal paths at its antenna array, the analytical results using (8) can be obtained by assuming only a single TX antenna at the MT. This approach has been applied also in [27] .
The semi-analytical spatial correlation results in the antenna and beam domains are calculated using the BS antenna and beam patterns that are presented in Figure 3 . Thus the calculation takes into account also the mutual antenna coupling effects. The results are shown in the 'Simulation results' section.
OFDMA simulation model
The simulation approach for the 2 × 2 spatial multiplexing MIMO was designed so that a reliable comparison between the antenna and beam domain approaches is possible. The scenario is depicted in Figure 4 . The MT azimuth direction Ω with respect to the BS antenna array normal and the azimuth orientation Ψ of the MT antenna array can be varied. The simulation model is exactly the same for the reference antenna domain case and the Butler beam case except that these two schemes apply different BS antenna/beam patterns of Figure 3 . All the patterns are calibrated to give an equal total radiated power.
In the current wideband OFDMA transceiver model, the 5 MHz bandwidth is covered by 512 frequency subcarriers, 360 of which are dedicated to data and 60 are applied as pilot subcarriers. These parameters are similar as in Worldwide Interoperability for Microwave Access (WiMAX) standard [28] . In one OFDMA symbol, the data subcarriers are configured to 24 RBs in a frequency domain each of which includes 15 subcarriers. Thus a maximum of 24 different users can be allocated to a single OFDMA symbol. In modern wireless communication networks, a large number of active users may be connected simultaneously to a BS. However, at each time of radio resource allocation, only those users are assigned one or more RBs which experience favorable radio channel conditions. This brings frequency and time domain opportunism and multiuser gain to the overall system performance. The corresponding gain depends in practice on the efficiency of data packet scheduling algorithms in the BS Medium Access Layer. Opportunism can be deployed most efficiently in microcell type of radio environments which offer a high degree of both time-and frequency-selective fading. The specific 2 × 2 MIMO scheme under study provides an additional domain of opportunism, namely opportunistic orthogonal beam domain which offers in favorable radio channel fading instants two strong RX signals (large Eigenvalues of the beam domain MIMO channel matrix). Moreover, the degree of correlation between these two beam domain signals is reduced compared to reference case of two antenna domain signals.
In this study, we simplify the simulation scenario in a way that only a single user (MT) is modeled. For each radio frame, this user is assigned the one or multiple most favorable RBs of 24 possible ones (in frequency domain) depending on the MIMO channel state. We focus in a high data rate microcell case that requires best spatial multiplexing performance using high-efficiency quadrature amplitude modulation (QAM) order of 64. As a result, the best possible system performance is obtained supposing that other RBs are allocated to other users. The RB with the lowest bit-error-rate (BER) is selected after turbo decoding of all the 24 resource blocks, i.e., ideal channel state feedback info is assumed. In addition to BER, the correlation value between the two MIMO channels and the mean Eigenvalue of the 10 best RBs are recorded on a frame by frame basis. Of course, in a fading channel, the signal level varies strongly at the receiver and there may be numerous time instants during which the received data packets are in error -even in all the 24 RBs for the specific user. This can happen also due to unfavorable BS and MT antenna orientations which cause high correlation between the two parallel MIMO channels. In the state-of-the-art systems such as the 3GPP LTE, the transmitter has channel state information about the users via a feedback process so that only favorable time instants are allocated to a specific user. If packet errors still occur, a Hybrid Automatic Repeat reQuest (HARQ) packet retransmission procedure is initiated. The feedback process is not in the scope of this study, and accordingly, packet retransmission schemes are not included in the simulation model. However, the continuous single-user simulation results can be post-processed to find out the success rate of the packet transmissions. This approach is adequate in the current study when comparing the performance of two MIMO schemes with different BS antenna/beam patterns since exactly the same simulation model and radio channel realizations are applied in both cases. Table 1 summarizes the main parameters used in the simulation.
Simulation results

Spatial correlation of MIMO channels
The analytical spatial correlation results in the antenna and beam domains were calculated using (8) and assuming that the beam patterns at the transmitting mobile terminal were ideally omnidirectional (antenna gain is in unity in all azimuth directions). The base station antenna and beam patterns of Figure 3 were deployed. The standard deviation of the AS of propagation paths at the BS antenna array was modeled as Laplace distributed using the approach of the SCM model implementation in [21] . The semi-analytical spatial correlation results at a BS antenna array in the antenna and beam domains are shown in Figure 5 . The results indicate that the degree of spatial correlation in the orthogonal beam domain is smaller than in the antenna domain. The difference is rather small for the case in which the mobile terminal is located in the direction of the antenna array normal (direction of arrival, DOA, equals 0°). If the DOA is Gaussian distributed within a 120°sector, the degree of correlation between beams is significantly smaller than that between antennas. This difference is even more pronounced if the DOA is uniformly distributed over 360°i n azimuth. Figure 5 shows also that the benefit of the beam domain approach is larger when the angular spread is smaller. For typical angular spread values of 2°to 15° [ 24] , the beam domain approach appears to perform especially well. In order to compare the semi-analytical spatial correlation results in the antenna and beam domains ( Figure 5 ) with simulation results, the SCM channel model was applied to generate sequences of 2 × 2 MIMO channel impulse responses. In the simulation model, we calculate the correlation coefficient between the two parallel data streams for each transmission time slot using the same approach as in [27] :
in which E denotes expectation, * refers to complex conjugation, and h 1 and h 2 correspond to the wideband (multi-tap) radio channel of data stream 1 from the TX antenna 1 to each of the two RX antennas. Here we select only the best sub-band out of the 24 possible ones that gives fewest bit errors. The channel coefficient vector h 1 of the best sub-band consists of a concatenated vector of {h 11 h 12 } where each of h 11 and h 12 comprise 15 channel coefficients in frequency domain of the applied time slot to RX antennas 1 and 2, respectively (see Figure 4) . Similarly, h 2 describes the channel coefficients {h 21 h 22 } of the same time slot for the data stream 2 from the TX antenna 2 to both RX antennas. It is noted that in simulations, we evaluate the spatial correlation of parallel MIMO channels which takes into account the spatial correlation characteristics of both the TX and RX antennas. The correlation coefficient ρ in (9) for each time slot of data packet transmission is calculated using a MATLAB™ function 'corrcoef (h 1 , h 2 )'. It is noted that the 3GPP SCM model enables to integrate the actual TX and RX antenna patterns into a radio channel simulation. Therefore, the antenna and beam domain correlation values are obtained by exactly the same simulation model. The only difference is the different antenna and Butler beam patterns at the BS end (shown in Figure 3 ) which were integrated into the 3GPP SCM model. In the following, the simulation results were obtained by simulating 15,000 OFDMA radio frames in a fast fading ITU Pedestrian B environment. The azimuth direction of the mobile terminal with respect to the BS orientation was uniformly distributed over 0°…360°, and the MT orientation was random. Simulations covered 300 different MT directions with random MT orientations and each of them consisted of 50 radio frames with fast fading. MT speed was set to 120 km/h in order to provide continuously changing MIMO channel but practically non-correlated fading between consecutive radio frames (channel coherence time is 2 ms, approximately). Figure 6 shows the simulated spatial correlation between the two parallel data streams for the chosen RB in the reference antenna domain and in the Butler beam domain. Plots illustrate the cumulative distribution functions (CDF) of the spatial correlation coefficients in the antenna and beam domains. Since the correlation calculation is performed for the RB with the lowest BER (i.e., post-detection BER estimation), the receiver SNR was set to a high level of 26 dB in order to minimize the impact of noise on the RB selection. The SNR level of 26 dB reflects the performance for a mobile terminal close to the BS which enables efficient usage of the 64-QAM modulation [17] . The plots indicate clearly that the beam domain approach provides constantly a lower degree of spatial correlation. As an example, the probability of achieving lower than 0.8 correlation is about 20% in the beam domain but less than 13% in the antenna domain. The result is well in line with the one from the semi-analytical calculations ( Figure 5) .
The above study of simulated spatial correlation properties takes into account opportunism both in the space/ beam, time, and frequency domains due to the fact that the best sub-band in BER sense is selected and also the best time instants (radio frames) can be deployed. This approach does not only reflect the pure spatial correlation between beams/antennas but also guarantees that the Eigenvalues of the MIMO channel matrix are adequate for the required BER performance. This type of opportunistic fixed beam MIMO is feasible due to the fact that in a frequencyselective fading, the Eigenvalues of the beam domain MIMO channel matrix vary constantly in both the frequency and time domains. In practice, the deployment of this scheme requires adaptive radio link techniques in which the receiver is reporting to the transmitter the favorable time instants as well as the best resource blocks in the frequency domain. State-of-the-art technologies such as the 3GPP LTE facilitate this type of feedback [16, 17] .
Coded bit-error-rate and MIMO channel throughput
Monte Carlo simulations assess also the link level performance of spatial multiplexing in terms of turbo-coded BER and data throughput. Figure 7 illustrates the BER plots for the ITU Pedestrian B radio channel. The beam domain MIMO outperforms the antenna domain MIMO by about 6 dB at BER level of 10 −2 if the best 80% of the radio frames are taken into account. If the MIMO scheme selects adaptively only the best 50% or 25% of the radio frames for spatial multiplexing, the gain in favor of fixed beam MIMO is roughly 4 dB and 2.8 dB, respectively, at BER level of 10 −3 . The BER performance corresponds well to the above findings that the MIMO channel correlation is lower in the fixed beam case. However, it is obvious that the lower degree of correlation between the MIMO channels in the fixed beam case is not the only factor for better BER performance. The opportunistic beam-frequency-time domain radio resource allocation is able to take benefit of those radio RBs which have not only a low degree of correlation between the MIMO channels but also an adequate power level in both MIMO channels. Figure 8 shows the data throughput as a function of SNR in which the calculation is based on the same simulation data that was employed for Figure 7 . Accordingly, the throughput was evaluated using 15,000 radio frames which were transmitted through the ITU Pedestrian B radio channel. The calculation is based only on the best RB of each radio frame in a way that only an error-free frame is taken into account. Therefore, the deployed bandwidth for the data is only about 200 kHz (5 MHz/24, see Table 1 ) which explains the relatively low data rates in Figure 8 BeamBER: best 25%
BeamBER: best 50%
BeamBER: best 80%
MT direction uniformly distributed Figure 7 Simulated turbo-coded bit-error-rate performance. Turbo-coded bit-error-rate performance of the fixed beam approach (BeamBER) and the reference antenna approach (AntBER) as a function of the SNR in ITU Pedestrian B radio channel environment. BER plots are depicted at 25%, 50%, and 80% percentiles of the 15,000 simulated radio frames. Finally, Figure 9 shows the MIMO link performance in antenna and beam domains when the MT azimuth direction Ω scans a 120°sector by 1°steps, and MT azimuth orientation Ψ is fixed to 0°(see Figure 4 ). The top plot shows average correlation between the two MIMO channels, and the bottom plot shows average Eigenvalues of the MIMO channel matrices. The SNR level was set to 24 dB in order to guarantee the operation at a sufficiently good signal level. Thus, reliable calculations of correlation coefficients and Eigenvalues are possible since they are based on the estimated MIMO channels at the receiver. This approach was selected since it takes into account the important impact of channel estimation to the performance comparison. In simulations, each of the 121 angular positions consists of a continuous sequence of 40 radio frames from each of which 10 RBs with lowest BER are used for calculating the correlation and Eigenvalue averages. Thus the averages are determined over favorable frequency subbands which cover roughly 42% (5/12) of the total bandwidth. Ten best sub-bands were selected due to the fact that they are obvious candidates for data packet allocation.
The results show that in beam domain, the correlation values are consistently smaller than those in antenna domain and that the difference gets larger the more the mobile terminal direction deviates from the BS antenna array normal. This corresponds well with the semi-analytical result of Figure 5 . Moreover, the average Eigenvalues of MIMO channel matrices are clearly larger in beam domain. Both these results contribute to better BER and data throughput performance in the beam domain as indicated by Figures 7 and 8 . It is also noted that the difference in MIMO channel correlation is larger when the angular deviation is larger from MT azimuth direction of 0°, in which the BS and MT antenna arrays are parallel. This result is in a good agreement with the semi-analytical results of Figure 5 . The difference in Eigenvalues follows the same pattern. This phenomenon can be explained by the fact that increasing deviation from the MT azimuth direction of 0°(i.e., from BS antenna array normal, 90°in Figures 2 and 3) increases the beam gain of the other MIMO branch while the other weaker branch can take advantage of frequency selectivity in an opportunistic manner. It is noted that gain from the opportunistic utilization of frequency selectivity can be larger than the decrease in beam gain. Figure 10 illustrates the coded BER and link throughput in the same simulation scenario as that of Figure 9 . The coded BER for each direction is averaged over the best three RBs in all 40 continuous radio frames while the throughput is calculated as a frame average of the payload bits of all successfully received RBs taking into account the frame duration. Again, the performance gain in the beam domain is larger when the MT azimuth deviation is larger from 0°. In the beam domain, we get 24,452 successful RBs out of 48,400 possible ones while the corresponding figure in the Figure 8 Simulated data throughput of the chosen RB. Data throughput of the fixed beam approach (BeamBER) and the reference antenna approach (AntBER) as a function of the SNR level in the ITU Pedestrian B radio channel environment. Data throughput calculation is based on the number of error-free resource blocks (best RB is chosen for each of the 15,000 simulated radio frames). Figure 10 Simulated turbo-coded bit-error-rate performance and data throughput. Turbo-coded bit-error-rate performance (top) and data throughput (bottom) as a function of MT azimuth direction inside a 120°sector. Simulation consisted of 121 angular MT positions with 40 radio frames in each of them and it was carried out with fixed SNR of 24 dB in ITU Pedestrian B radio channel environment. BER averaging was performed over the 40 radio frames (960 OFDMA symbols) taking into account the three frequency sub-bands (RBs) with lowest BER. Data throughput was calculated as a sum all data bits in the error-free RBs. Spatial multiplexing in the beam domain showed in total 24,452 error-free RBs while the corresponding number was 13,523 RBs in the antenna domain, giving 80% data throughput gain for the beam domain scheme.
antenna domain is 13,523. The gain in total data throughput is roughly 80%. The average data rate over 40 continuous radio frames is up to 13 Mbit/s in best azimuth positions of the MT.
Conclusions
An opportunistic fixed-beam OFDMA MIMO concept was studied in a 2 × 2 spatial multiplexing case. The novel concept allows a straightforward implementation into practical wireless systems with no need to modify the system specifications. Simulations indicated that the beam domain MIMO scheme outperformed clearly the corresponding antenna domain OFDMA approach in a well-established 3GPP SCM microcell radio channel scenario. The performance gain is based on the fact that beamforming increases the opportunities for favorable space-time-frequency slots in a wideband radio channel. In adaptive multiuser OFDMA systems like the 4G LTE, these slots can be deployed opportunistically by deploying advanced radio resource management, e.g., in a form of efficient data packet scheduling. In the beam domain, the allocated slots show on average lower MIMO channel correlation and larger Eigenvalues of the MIMO channel matrices. These two facts result in significantly better radio link BER performance in the beam domain compared to that in the antenna domain. Accordingly, the gain in system data throughput can be as high as 80%.
In future research, the performance of the proposed fixed beam scheme is studied at a mobile station receiver, for example assuming vehicle rooftop antennas. The scheme may also suit to the prospected 5G technologies which apply large 2-dimensional beamforming antenna arrays (even of size 32 × 32 antenna elements). The fixed beam approach enables simple and practical algorithms even with large 2D antenna arrays when adaptively deploying diversity, conventional beamforming, and spatial multiplexing.
